###### Key messages

What is the key question?
=========================

-   Varied pathological presentations of Birt-Hogg-Dubé syndrome (BHDS) indicate tissue-specific function of the causal gene folliculin (FLCN), which was widely studied mechanistically in the kidney tumours but poorly elucidated in lung cysts/pneumothorax presentation.

What is the bottom line?
========================

-   FLCN negatively regulated miR-424--5p and let-7d-5p expressions specifically in lung epithelial cells, and thus caused a significant increase of the two in both lung tissue and circulation in FLCN mutant BHD patients, which resulted in an increased apoptosis of lung epithelial cells and mesenchymal--epithelial transition of fibroblasts, qualified them as diagnostic markers for disease screen.

Why read on?
============

-   The mechanism revealed in this study is specific to the lung, and implies that the miRNAs regulated by FLCN suppressed cell reparative response in the lung tissue and contributed to a focused degenerative pathology in BHDS' lung.

Introduction {#s1}
============

Birt-Hogg-Dubé syndrome (BHDS) characterised by skin fibrofolliculomas, pulmonary cysts/pneumothorax and increased risk of kidney cancers is an autosomal dominant disease caused by germline mutations of folliculin (FLCN) gene.[@R1] It is often misdiagnosed as primary spontaneous pneumothorax (PSP) in particular in the cases with only isolated lung cysts/pneumothorax presentation (PSP-BHD).[@R2] An early and definitive recognition of PSP-BHD that is broadly underdiagnosed from PSP is necessary for a lifelong surveillance due to an increased risk for developing kidney tumours.[@R5]

Genetic analysis of FLCN gene consists of sequence analysis and exonic deletion and amplification detection.[@R8] With this approach, we have previously found in a cohort study that about 10% of hospitalised PSP patients who were not considered to initiate a genetic examination of FLCN gene were actually BHDS suffers.[@R2] Thus, a screen of PSP population with a technically simpler and more affordable tool before a genetic analysis of BHDS is desirable.

microRNAs (miRNAs) have been served as the signature for various diseases including genetic disorders.[@R9] In fact, a robust miRNA signature often indicates a mechanistic role of the targets of miRNAs in the disease development, and thus composes of an effective tool to dissect disease mechanism.[@R12] However, in FLCN study, the involvement of miRNAs in the pathogenesis of pulmonary cysts in BHDS is under studied. Nevertheless, the characteristic histology of the lung lesions of BHDS exhibits no obvious inflammation and reparative response,[@R14] implicating a suppressive nature of FLCN deficiency on the mesenchyme that is essential in damage-related tissue repairing. On the other hand, in a mouse model of FLCN-null in lung type II alveolar epithelial cells, an increased epithelial apoptosis is detected.[@R15] These observations indicate an involvement of epithelial damage and mesenchymal suppression, however, no cystic lesions are ever induced experimentally. Thus, the molecular mechanism that may explain lesion pathology of PSP-BHD deserves a systematic exploration.

Herein, we sought to identify miRNAs differentially expressed in PSP-BHD and PSP patients for a diagnostic application and for elucidating the molecular mechanisms of these miRNAs in the pathogenesis of the disease.

Methods {#s2}
=======

Population {#s2-1}
----------

PSP patients admitted according to the guidelines of the British Thoracic Society[@R16] and normal controls (NCs) were enrolled to Department of Cardiothoracic Surgery of Taizhou Hospital of Zhejiang Province and Nanjing Chest Hospital between 2006 and 2015.

Cell lines {#s2-2}
----------

Human bronchial epithelial cells (BEAS-2B), human lung epithelial A549 cells, human keratinocyte cells (HaCaT), human embryonic lung fibroblasts (HELF) and human embryonic kidney cells (HEK293) were purchased from China Center for Type Culture Collection.

miRNAs assay, quantitative PCR analysis and Western blot {#s2-3}
--------------------------------------------------------

For miRNAs screen, Universal Probe Library assays (Roche) were used. For miRNA/mRNA or protein detection, **RT-**qPCR or western blot (WB) was used, respectively.

Apoptosis detection {#s2-4}
-------------------

Apoptosis in cultured cells was analysed by AnnexinV-FITC and propidium iodide staining using a calibur ﬂow cytometer (BD Biosciences). Apoptosis in the lung tissues was analysed with TdT-mediated dUTP Nick-End Labeling (TUNEL) assays using in situ Cell Death Detection Fluorescein Kit (Roche).

Luciferase reporter construction and assay {#s2-5}
------------------------------------------

The target sequences of Smad7 and Frizzled 4 (FZD4) 3′-Untranslated Region (3′ UTR) were amplified and subcloned (Realgene) into a dual-luciferase reporter vector (Promega), respectively. The luciferase reporter assays were performed in HEK293 cells.

Immunohistochemistry and H&E staining {#s2-6}
-------------------------------------

Tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Tissue sections (7 µm) were prepared for immunohistochemistry of Smad7, FZD4, Vimentin, α-smooth muscle actin (α-SMA), tight junction protein 1 (TJP1) and Snail, and for H&E staining.

Data analysis and statistics {#s2-7}
----------------------------

Receiver operator characteristic (ROC) curves were generated by plotting Sensitivity% versus (100%-specificity%) and the areas under the curves (AUCs) were calculated. Logistic regression analysis was used for the evaluation of the accuracy of combined miRNA markers. For WB and wound-healing experiments data quantified by ImageJ, and for qPCR data of miRNA/mRNA levels, Student's t-test was used. For plasma miRNA levels, Tukey's test followed by Duncan's multiple range test was used. All statistical analyses were performed with either SPSS V.17.0 or GraphPad Prism V.5.0 Software (quantifying uncertainty of 95% CIs and statistical significance of p\<0.05) and all p values of comparisons were detailed in [online supplementary files](#SP1){ref-type="supplementary-material"}.
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The details of the methods were provided in [online supplementary methods](#SP1){ref-type="supplementary-material"}.

Results {#s3}
=======

miRNA signature uncovered in BHDS cystic lesions {#s3-1}
------------------------------------------------

We initially compared the expression profiles of miRNAs in cystic lesions of PSP-BHD patients to that of PSP patients (n=3, respectively) via a commercialised microarray (Roche). Totally, 11 upregulated and 52 downregulated miRNAs were uncovered in the cystic tissues of PSP-BHD patients when compared with that of PSPs ([figure 1A](#F1){ref-type="fig"} and see [online supplementary table 4](#SP1){ref-type="supplementary-material"}). Wingless/ integrated (WNT), transforming growth factor-β (TGF-β), epidermal growth factor receptor (ErbB), mitogen-activated protein kinase (MAPK), phosphatidylinositol 3\' --kinase (PI3K)-Akt (PI3K-Akt) and mammalian target of rapamycin (mTOR) signalling pathways were targeted by these miRNAs on DIANA-miRPath V.2.0 prediction[@R17] (see [online supplementary table 5](#SP1){ref-type="supplementary-material"}). Since downregulated miRNA may not be ideal as biomarker for diagnosis, four upregulated miRNAs with fivefold or more increase in PSP-BHD patients, including miR-424--5p, let-7d-5p, miR-199a-3p and miR-194, were arbitrary chosen for subsequent studies ([figure 1B](#F1){ref-type="fig"}). In an expanded collection of PSP-BHD and an equal number of PSP lesion samples (n=14), the expressions of miR-424--5 p, miR-199a-3p and let-7d-5p were confirmed to be increased in PSP-BHD with 10-fold, 6.6-fold and 4.9-fold changes, respectively, when compared with those of PSP ([figure 1C](#F1){ref-type="fig"}). Thus, PSP-BHD cystic lesion exhibited specific miRNA signature.

![miRNA signature uncovered in BHD cystic lesions. (A) Represented miRNAs dysregulated in cystic lesions of PSP-BHD (n=3) compared to that of PSP (n=3) patients. Mutations of FLCN gene are p.(P63TfsX69), p.(S316YfsX73) and p.(Arg527GlnfsX75). (B) Four miRNAs were found fivefold or more increase in PSP-BHD in microarray analysis. (C) Increases of miR-424-5p, let-7d-5p and miR-199a-3p were confirmed in cystic lesions of PSP-BHD (n=14) compared to that of PSP patients (n=14). The mutation information of PSP-BHD patients was in [online supplementary table 1](#SP1){ref-type="supplementary-material"}. The columns represent mean and the bars indicate SD. BHD, Birt-Hogg-Dubé syndrome; FLCN, folliculin; miRNA, microRNA; PSP, primary spontaneous pneumothorax. \* Represents statistical significance.](thoraxjnl-2019-213225f01){#F1}

Plasma miR-424-5p and let-7d-5p differentially diagnosed PSP-BHD from PSP {#s3-2}
-------------------------------------------------------------------------

To determine whether the upregulated miRNAs in the cystic lesion may appropriately serve as biomarkers for differential diagnosis between PSP-BHD and PSP, the relative levels of the three miRNAs were determined in the plasma of 36 PSP-BHD and 57 PSP patients, as well as 15 NC. As expected, miR-424--5p and let-7d-5p were significantly higher in PSP-BHD patients compared with those of PSP and NC individuals ([figure 2A](#F2){ref-type="fig"}). However, the relative concentration of miR-199a-3p in PSP-BHD plasma was equivalent to that of NC, but obviously reduced in PSP patients (see [online supplementary figure S1](#SP1){ref-type="supplementary-material"}), thus, resulted in the selection of miR-199a-3p in the initial screen.

![Plasma miR-424-5p and let-7d-5p differentially diagnosed PSP-BHD from PSP. (A) The relative concentration of miR-424-5p and let-7d-5p to cel-miR-39 in plasma of PSP-BHD patients (n=36), PSP patients (n=57) and normal controls (NCs) (n=15). NC represents normal controls. The dashes represent the mean values. A stepwise linear regression by SPSS V.17.0 was used to conclude that FLAN mutation was a major contributor to the expressions of miR-424-5p and let-7d-5p ([online supplementary table 3](#SP1){ref-type="supplementary-material"}). (B) ROC curves of plasma detections as signal or combined biomarkers. (C) The relative concentrations of miR-424--5p and let-7d-5p to cel-miR-39 in plasma of PSP population (n=38) of the prospective study. The red dotted lines are the cut-off values of miR-424--5 p and let-7d-5p. The red arrows indicated BHDS patients confirmed by genetic analysis. BHD, Birt-Hogg-Dubé syndrome; FLCN, folliculin; PSP, primary spontaneous pneumothorax; ROC, receiver operating characteristic.](thoraxjnl-2019-213225f02){#F2}

Next, the ROC curves were constructed by comparing plasma measurements of the identified miRNAs in PSP-BHD and PSP groups. The AUCs were calculated. The single AUC of miR-424--5p or let-7d-5p was 0.87 or 0.93, respectively, and the AUC of the two combined was improved to 0.96 ([figure 2C](#F2){ref-type="fig"} and [table 1](#T1){ref-type="table"}). The sensitivity at the fixed specificity of 90% of the combination were also improved and vice versa ([table 1](#T1){ref-type="table"}). The cut-off values of miR-424--5 p and let-7d-5p calculated on Yuden index were 0.0116 and 2.839 that resulted in 100% sensitivity and 62% specificity. Using these values, we screened a cohort of 38 genetically undefined PSP patients with blind of any additional clinical information. A total 13 candidates for BHDS were suggested and 4 of them (31%) were eventually confirmed to be FLCN-mutation carriers by genetic examinations. None of the rest 25 PSP patients was FLCN-mutation carrier ([figure 2C](#F2){ref-type="fig"}). Thus, the miRNA screen cut down about 2/3 (65.8%) genetic analysis of FLCN that is largely unavailable in local clinics.

###### 

Diagnostic accuracies of measurements of single markers for predicting PSP-BHD at predefined specificities and sensitivities

  -------------------------------------------------------------------------------------------
                          AUC (95% CI)          Sensitivity at 90%:\   Sensitivity at 90%,\
                                                specificity, %         specificity, %:
  ----------------------- --------------------- ---------------------- ----------------------
  let-7d-5p               0.93 (0.88 to 0.99)   73.1                   82.1

  miR-424--5p             0.87 (0.79 to 0.95)   58                     64.3

  let-7d-5p+miR-424--5p   0.96 (0.92 to 1.00)   90.4                   92.9
  -------------------------------------------------------------------------------------------

AUC, area under the curve; BHD, Birt-Hogg-Dubé syndrome; PSP, primary spontaneous pneumothorax.

FLCN negatively regulated miR-424-5p and let-7d-5p in lung epithelial cells {#s3-3}
---------------------------------------------------------------------------

Subsequently, a set of human cell lines with different origins including the lung epithelial cell BEAS-2B, embryonic lung fibroblast HELF, skin epithelial cell HaCaT and embryonic kidney cell HEK293 were prepared for FLCN knockdown studies ([figure 3A](#F3){ref-type="fig"}). On FLCN disruption, the expressions of miR-424--5p and let-7d-5p were significantly increased only in BEAS-2B cells ([figure 3B](#F3){ref-type="fig"}), suggesting a cell-specific regulation of the two by FLCN. In consistent, in a lung epithelial cell line A549 with low endogenous FLCN ([figure 3C](#F3){ref-type="fig"}), the ectopic expression of a wild type FLCN gene resulted in a significant downregulation of miR-424--5p and let-7d-5p. In contrast, a disease-causing mutation (p.(Arg527Glnfs\*75))[@R19] deprived this suppressive function of FLCN ([figure 3D](#F3){ref-type="fig"}). Thus, FLCN specifically and negatively regulated miR-424--5 p and let-7d-5p in lung epithelial cells.

![FLCN suppressed miR-424-5p and let-7d-5p expressions in lung epithelial cells. (A) Endogenous FLCN was knockdown by siRNA in different cell lines and was statistically calculated with four times experiments. (B) The expression of miR-424-5p and let-7d-5p in different cells with FLCN knockdown. siFLCN means a siRNA sequence of FLCN, scFLCN means a scramble sequence of FLCN. (C) Protein expression of FLCN in A549 cells with widetype-FLCN-expressed plasmids (wdFLCN), mutant-FLCN expressed plasmids (muFLCN) and blank vectors and was statistically calculated with four times experiments. FLCN mutant was p.(Arg527Glnfs\*75). (D) The expression of miR-424-5p and let-7d-5p in A549 cells with wdFLCN, muFLCN and vectors. The columns represent mean and the bars indicate SD. FLCN, Folliculin.](thoraxjnl-2019-213225f03){#F3}

FLCN-regulated miRNAs exhibited cell-specific functions {#s3-4}
-------------------------------------------------------

Next, we studied the functions of FLCN-regulated miRNAs in cells with different origins by introducing miR-424--5p and/or let-7d-5p mimics. Only miR-424--5p mimics in BEAS-2B cells induced apoptosis ([figure 4A](#F4){ref-type="fig"}) with increased expressions of Bim and cleaved Caspase3 (cl.Cas3) ([figure 4B](#F4){ref-type="fig"}). Consistently, FLCN knockdown also induced apoptosis in BEAS-2B, but not HaCaT, HELF or HEK293 cells, along with increased Bim and cl.Cas3 ([figure 4A, C](#F4){ref-type="fig"} and see [online supplementary figure S2](#SP1){ref-type="supplementary-material"}). And, an inhibitor of miR-424--5p suppressed this effect of FLCN knockdown ([figure 4A, D](#F4){ref-type="fig"}).

![FLCN-regulated miRNAs exhibited cell-specific functions. (A) Apoptosis of BEAS-2B cells was increased with FLCN interference or miR-424-5p mimic, respectively, and miR-424-5p inhibitor blocked the apoptosis of BEAS-2B cells induced by FLCN interference by FACS analysis with statistical calculation. (B, C) Bim and Cleaved Caspase3 (cl.Cas3) were upregulated with miR-424-5p mimic (B) or FLCN interference (C) with statistical calculation. P values were calculated by comparing with mimic NeC (B) or scFLCN (C). (D) The upregulation of Bim and cl.Cas3 induced by FLCN knockdown were blocked by miR-424-5p inhibitor in BEAS2B cells with statistical calculation. P values were calculated by comparing with inhibitor NeC. (E) Proteins of vimentin, α-SMA and Slug were reduced significantly while TJP1 and E-Cadherin were increased in HELF cells with miR-424-5p and/or let-7d-5p mimics with statistical calculation. 424 represents miR-424-5p and 7d represents let-7d-5p. The columns of B--E represent mean of the relative expression and the bars indicate SD of the triplicate experiments. FLCN, folliculin; scFLCN, sequence of FLCN.](thoraxjnl-2019-213225f04){#F4}

In lung fibroblast HELF, the introduction of miR-424--5p/let-7d-5p mimics potently induced a mesenchymal--epithelial transition (MET) revealed by significant reduction of fibroblastic marker vimentin, α-SMA and Slug, and increase of epithelial indicator TJP1 and E-Cadherin both at mRNA and protein levels ([figure 4E](#F4){ref-type="fig"} and see [online supplementary figure S3](#SP1){ref-type="supplementary-material"}). No obvious changes of these indicators were observed in HELF cells with FLCN knockdown (see [online supplementary figure S2](#SP1){ref-type="supplementary-material"}), suggesting that the introduction of miR-424--5p/let-7d-5p was necessary and sufficient for the induction of MET in HELF cells. We did not observe any of MET response in HaCaT or HEK293 cells by miR-424--5p/let-7d-5p (data not shown). Importantly, miR-424--5p/let-7d-5p mimics induced specific cell responses, apoptosis or MET, in FLCN knockdown BEAS-2B or HELF cells, respectively, at an equal potency as in non-FLCN knockdown BEAS-2B or HELF cells (see [online supplementary figure S4](#SP1){ref-type="supplementary-material"}).

Cell-pecific function of the miRNAs targeted TGF-β or WNT pathway {#s3-5}
-----------------------------------------------------------------

To elucidate the signalling mechanisms underlying the functions of miR-424--5p and let-7d-5p, we analysed the targets of the two through DIANA-miRPath V.2.0. Interestingly, three pathways (WNT, TGF-β and mTOR pathways) were prominent in the prediction, which intersected the initial results uncovered in the microarray analysis (see [online supplementary tables 5 and 6](#SP1){ref-type="supplementary-material"}). Six candidates (see [online supplementary table 6](#SP1){ref-type="supplementary-material"}) in these pathways with higher affinity scores were chosen for further analysis. In BEAS-2B cells, only Smad7, a TGF-β signalling component, was significantly suppressed by miR-424--5p mimics or FLCN knockdown, and the phosphorylation of its downstream Smad3 (p-Smad3) was largely increased ([figure 5A, B](#F5){ref-type="fig"}). miR-424--5p in FLCN disrupted BEAS-2B cells showed similar results (see [online supplementary figure S4](#SP1){ref-type="supplementary-material"}). Importantly, a p-Smad3 inhibitor SIS3[@R20] blocked Bim and Caspase 3 activation induced by miR-424--5p ([figure 5C](#F5){ref-type="fig"}), indicating that miR-424--5p targeted TGF-β signalling is functionally crucial and cellular specific. Finally, the mimics of let-7d-5p showed no detectable effect of any on BEAS-2B cells.

![Smad7 was targeted by miR-424-5p and FZD4 was targeted by both miR-424-5p and let-7d-5p. (A, B) Smad7 was suppressed and p-Smad3 was activated in BEAS-2B cells with miR-424-5p mimic (A) or FLCN knockdown (B) and was statistically analysed. (C) Inhibition of p-Smad3 by SIS3 suppressed the upregulation of Bim and cl.Cas3 with miR-424-5p mimic and was statistically analysed. (D) FZD4 and βcatenin were downregulated with miR-424-5p or/and let-7d-5p mimics and was statistically analysed. (E) Activation of β-Catenin by BML restored the suppression of α-SMA and Slug expression with miR-424-5p or let-7d-5p mimic and was statistically analysed. (F) The relative luciferase activity of Smad7 wildtype vectors was suppressed by miR-424-5p mimic and the relative luciferase activity of FZD4 wildtype vectors was suppressed by both miR-424-5p and let-7d-5p mimics with statistical significance. 424 represents miR-424- 5p and 7d represents let-7d-5p. The columns in the figure represent mean of the relative expression and the bars indicate SD with triplicate experiments. cl.Cas3, cleaved Caspase3; FLCN, folliculin; scFLCN, scramble sequence of FLCN; siFLCN, sequence of FLCN.](thoraxjnl-2019-213225f05){#F5}

In HELF cells both miR-424--5p and let-7d-5p mimics suppressed WNT signalling receptor FZD4. Accordingly, its downstream component β-Catenin was down-regulated ([figure 5D](#F5){ref-type="fig"}). Whereas, an activator of β-Catenin[@R21] reversed the effect of both miR-424--5p and let-7d-5p mimics on induction of MET in HELF cells ([figure 5E](#F5){ref-type="fig"}). Noted of, FLCN knockdown alone in HELF cells did not show WNT signalling disruption (see [online supplementary figure S2](#SP1){ref-type="supplementary-material"}), yet both miR-424--5p and let-7d-5p mimics did, and importantly, both mimics worked in the condition of FLCN knockdown (see [online supplementary figure S4](#SP1){ref-type="supplementary-material"}). Together, miR-424--5p, as well as let-7d-5p mimics delivered different functions on the origin of cells by targeting either TGF-β or WNT pathway. No change of mTOR signalling was detected in BEAS-2B or HELF cells (data not shown) on the introduction of miR-424--5p and let-7d-5p mimics.

Finally, the sequence specificity that targeted miR-424--5p to Smad7 3'UTR at the predicted position 55, and miR-424--5p/let-7d-5p to FZD4 3'UTR at the position 712 and 5028 were confirmed by relative luciferase activity assay ([figure 5F](#F5){ref-type="fig"}) using the reporter constructs that cloned the corresponding miRNAs' target sequences (see [online supplementary figure S6](#SP1){ref-type="supplementary-material"}) in human embryonic kidney cell HEK293, a cell system commonly used for testing miRNA sequence specificity and function. Thus, TGF-β and WNT pathways were regulated by the miRNAs in a cell specific manner (see [online supplementary figure S7](#SP1){ref-type="supplementary-material"}). miRNAs suppressed cellular reparative response via TGF-β and WNT signalling.

To test the role of FLCN-regulated miRNAs in cellular repairing, a process involving both TGF-β and WNT signaling,[@R22] we assayed cell responses to harmful stress with/without the treatment of the miRNAs mimics. In HELF cells, the scratch significantly triggered wound-healing response along the edge of damage ([figure 6](#F6){ref-type="fig"}). Moreover, it induced α-SMA expression in the insulted cells (see [online supplementary figure S8](#SP1){ref-type="supplementary-material"}), indicating an effective initiation of mesenchymal cellular reparative response and its molecular adaptation. In contrast, the administration of miR-424--5p/let-7d-5p strongly suppressed this process ([figure 6](#F6){ref-type="fig"} and see [online supplementary figure S8](#SP1){ref-type="supplementary-material"}). Consistently, in BEAS-2B cells, a typical epithelial cellular reparative response was also initiated on scratch and specified by cell growth and EMT response with α-SMA and Slug activation and E-Cadherin reduction, which was strongly suppressed by miR-424--5p, but not let-7d-5p mimics ([figure 6](#F6){ref-type="fig"} and see [online supplementary figure S8](#SP1){ref-type="supplementary-material"}). The effect of the two miRNAs on wound-healing response in HELF and BEAS-2B cells were repeatable in the condition of FLCN knockdown (see [online supplementary figure S9 and 10](#SP1){ref-type="supplementary-material"}). Thus, FLCN-regulated miRNAs appeared suppressive in cellular reparative response after injury.

![Cellular wound-healing responses were suppressed by miR-424-5p or let-7d-5p. (left) Representative pictures of scratch experiments in HELF and BEAS-2B cells with miR-424-5p or/and let-7d-5p mimics. (right) Growth rate of wounded HELF and BEAS-2B cells with miR-424-5p or/and let-7d-5p mimics with at least triplicate experiments. The columns represent the means and the bars indicate SE of the means with triplicates. S represents scratch, 7d means has-let-7d-5p, 424 means has-miR-424-5p and NeC represents negative control. A0h means the area of scratch at the time of the scratch treatment, A24h means the area of scratch at the time of 24 hours later after the scratch treatment, A48h means the area of scratch at the time of 48 hours later after the scratch treatment.](thoraxjnl-2019-213225f06){#F6}

Evidence for loss of cellular reparative response was detected in PSP-BHD lesions {#s3-6}
---------------------------------------------------------------------------------

Finally, we validated the above cellular observations in the cystic tissues of PSP-BHD patients. As shown, a suppression of Smad7 and an activation of Smad3, as well as a decrease of FZD4 and β-catenin in the PSP-BHD cystic tissues were evident ([figure 7A, C, F](#F7){ref-type="fig"}), suggesting an activation of TGF-β and a suppression of WNT signalling in PSP-BHD lung lesions, which was consistent with the cellular findings. Moreover, the protein levels of Bim and cl.Cas3 were significantly increased ([figure 7B](#F7){ref-type="fig"}) and TUNEL assay detected an increased cell apoptosis in the lesion tissues ([figure 7E](#F7){ref-type="fig"}). Moreover, an epithelial marker TJP1 was increased, while the mesenchymal indicator vimentin, α-SMA and Slug were decreased in PSP-BHD lung lesions ([figure 7F](#F7){ref-type="fig"}), indicating an MET molecular adaptation that was initially revealed in the cell studies.

![Evidence for cell death and loss of cellular reparative responses in PSP-BHD lesion. (A) Proteins of TGF-β signalling activated and WNT signalling suppressed in cystic lesions of PSP-BHD patients compared to PSP patients and cancer-free tissues (NC) lung tissues. (B) Proteins of Bim, cl.Cas3 and TJP1 upregulated and vimentin and a-SMA downregulated in cystic lesions of PSP-BHD patients compared to PSP patients and controls. (C) Quantitation of proteins observed in A and B (PSP-BHD n=15, PSP n=15, NC n=9). The columns represent the means and the bars indicate standard deviation. The mutation information of PSP-BHD patients was in [online supplementary table 1](#SP1){ref-type="supplementary-material"}. (D) HE staining of lung tissue of PSP-BHD patients, PSP patients and NC. The red rows indicated exudation of the tissue. (E) Increased apoptosis observed by TUNEL in tissue section of PSP-BHD compared with that of PSP and NC. (F) Smad7, FZD4, vimentin, α-SMA and Snail1 were all suppressed while TJP1 was enhanced in lesion tissue of PSP-BHD patient compared with that of PSP and NC by immunochemistry. (E) A model of cystic formation in PSP-BHD lung. The black star showed exudation. The blank line indicated 100 μm and the red line indicated 50 μm. BHD, cICas 3, cleaved caspase 3; FLCN, folliculin; NC, normal control; PSP, primary spontaneous pneumothorax; TGF-β, transforming growth factor-β;](thoraxjnl-2019-213225f07){#F7}

To show more definitively that an overall tissue EMT configuration in the lesions of PSP-BHD tissues indeed related to the suppression of cellular reparative response, we set an immunohistochemistry study around the cystic regions. When compared with NCs, in PSP tissues, the expression of α-SMA was greatly increased in a broadly distributed cells around lesion areas, whereas, the expression of TJP1 was obviously reduced in the epithelial cells ([figure 7F](#F7){ref-type="fig"}), suggesting that given the extent of the tissue damage around cysts, the cellular reparative response was induced. However, in PSP-BHD lesions, an opposite staining pattern with greatly reduced α-SMA and increased TJP1 was detected ([figure 7F](#F7){ref-type="fig"}). Together, a loss of cellular reparative response in PSP-BHD lung lesions was suggested.

Discussion {#s4}
==========

Spontaneous pneumothorax shared between BHDS and PSP[@R24] is often the first presenting manifestation[@R28] and may be the only one of BHDS,[@R29] whereas, the skin findings generally appear in the fourth decade of FLCN mutant carriers and become progressively more noticeable with age.[@R32] The renal phenotype of BHDS is also a late finding when compared with pulmonary cysts/pneumothorax.[@R6] Thus, the PSP-BHD is a forme fruste type of the disease,[@R36] which may confuse precise diagnosis with PSP. In fact, our previous studies and others' find[@R2] that spontaneous pneumothorax is the most frequently reported clinical manifestation of PSP-BHDS patients enrolled in the thoracic surgery, occupied as much as 10% of 'PSP' population. Thus, developing a new and cost-effective diagnostic approach for large population screen of PSP-BHD, in addition to classic genetic examination, is desirable.

In this study, we found that PSP-BHD patients showed specific miRNAs profiles compared with PSP suffers in cystic lesion and circulation, characterised by a significant and robust increase of miR-424--5p and let-7d-5p. The combination of the two delivered high diagnostic accuracy with the sensitivity at the fixed specificity of 90%. Using the combined marker, we predicted the BHDS cases in a prospective study with narrowing PSP population to 1/3 for further genetic analysis that is often central technically, unavailable for most local hospitals at least in developing regions, and costly for a large population screen. Our concept-proof study argued that miRNA detection as an initial screen may be valuable when a Mendelian syndrome with an atypical manifestation that needs to be differentiated from other conditions that pose similar clinic appearance before a genetic analysis.

Furthermore, we also showed that miR-424--5p and let-7d-5p provided important tools in elucidating the nature of BHDS' lung pathology. Previously, studies on FLCN function revealed that BHD lungs had an increased alveolar epithelial cell apoptosis in animals and humans.[@R15] We further showed that the increased apoptosis of lung epithelial cells directly linked to the function of miR-424--5 p that reduced Smad7 and enhanced Smad 3 signalling. In contrast, both miR-424--5p and let-7d-5p forced a cellular adaptation of MET via the suppression of WNT signalling in lung fibroblasts. Considering that both BEAS-2B and HELF cells expressed Smad7 and FZD4 ([figure 5B](#F5){ref-type="fig"} and see [online supplementary figure S2 and 4](#SP1){ref-type="supplementary-material"}), as well as other tested components of WNT, TGF-β and mTOR pathways, the miRNAs exhibited selective targeting powers in different cells with yet unknown mechanism.

Tissue studies revealed a similar molecular alteration in the BHDS lung lesions with a TGF-β pathway activation and WNT signalling suppression. Importantly, given the extent of the lung lesion in BHDS, no reparative response was detected, instead, both normal tissue repair index EMT and myofibroblast activation[@R22] were suppressed, distinguishing with non-BHDS PSP lesions that showed obvious repairing adaptation both at molecular and immunohistochemistry levels. Thus, an increased epithelium apoptosis and a weakened mesenchyme repairing may define a pathogenic condition that contributes to the development of focused degenerative cystic lesions in BHD lungs ([figure 7G](#F7){ref-type="fig"}).

The mechanism of how FLCN might negatively regulate the miRNAs is still not known. However, a recent study shows that FLCN knockdown inhibits the motility and perinuclear clustering of lysosome,[@R37] which alters the cellular function of lysosome by increasing its PH.[@R38] Interestingly, a similar change in lysosome has been linked to the increase of exosomal secretion in cells,[@R39] indicating that FLCN deficiency may involve in hypersecretion of miRNAs, presumably in lung epithelial cells. More studies are required to deepen the mechanistic understanding of FLCN in BHDS pathology. Finally, it is acknowledged that p values of several experiments raised the possibility of type I errors (false positive), specifically in the comparisons of miR-199a-3p expression between PSP-BHD and PSP (p=0.0493) and the expression of TJP1 protein (PSP-BHD vs PSP, p=0.0498) in lung tissues (see [online supplementary table 7](#SP1){ref-type="supplementary-material"}), which may suggest the necessity for the further validation in an expanded cohort in future.
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